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Abstract 
Additive manufacturing is a recent technology with great future perspectives, within it Laser Additive Manufacturing (LAM) has 
led to a revolution in the design and manufacture of parts that, until now, were virtually impossible to manufacture. However, 
this technology still shows limitations, many of them are related to the deformations caused by the heat input of the laser beam, 
the difficulty of programming the necessary paths to manufacture layer by layer the piece, and the need of a post-processing of 
machining in order to ensure the final dimensions of the manufactured parts. This article shows some of the difficulties 
encountered during the manufacturing process of a real piece and the way it is envisaged that they will be overcome with the 3D 
dimensional control of the part, through the developed 3D vision system. 
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1. Introduction 
Additive manufacturing (AM) is an emerging technology which, through successive layers of material deposition, 
allows building objects directly from a CAD model of the workpiece. This technology shows as extremely promising 
for strategic sectors, such as aerospace, energy or defence [1, 2]. 
 
 
* Corresponding author. Tel.: +34-986-344-000; fax: +34-986-337-302. 
E-mail address: gcastro@aimen.es 
© 2015 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientific Committee of MESIC 2015
103 G. Castro et al. /  Procedia Engineering  132 ( 2015 )  102 – 109 
Laser Additive Manufacturing (LAM) technologies are the most promising for direct manufacturing of metal 
components in AM technology. Most of them are focused to the rapid prototyping through the Selective Laser 
Melting (SLM), mainly consisting of the deposition of a layer of powder on a work platform, which melts by the 
action of the laser beam according to the specific coordinates of the part to be played. This operation is repeated 
successively until the final part geometry to get [3]. 
Much less common are direct laser deposition techniques such as Laser Metal Deposition (LMD), focused on 
direct manufacturing through the deposition of a series of clad beads and layers of melted material, i.e., it is the 
direct manufacture of metal parts by overlapping layers of laser cladding to build parts layer by layer. 
This novel manufacturing process allows manufacturing parts or pieces without limitation of size, or the need of 
an expensive tooling and adjusting the amount of material necessary to the actual design piece, minimizing material 
waste [4]. However, despite obvious advantages, its application at industrial level is strongly limited, mainly due to 
the scarcity of data about manufacturing possibilities with this process, the difficulties to ensure the final properties 
of the parts (geometric defects, mechanical properties...), the complexity of programming the necessary paths to 
manufacture layer-by-layer the piece, and the need for a machining post-processing to ensure functional dimensions 
of the manufactured parts. 
In this sense, the aim of this paper is to show, in a real application, the development of a new additive 
manufacturing system, focused on its industrial application using laser technology, to manufacture or rebuild 
technically and economically viable, pieces of high value-added.  
This paper shows the results obtained in the manufacturing of a piece as the one shown in Fig. 1. This piece has 
been manufactured using the system mentioned above, and low carbon steel as powder material. 
In order to manufacture this part and to overcome current technological limitations is necessary to work on two 
fundamental lines: 
1) Develop the additive fabrication process using direct laser deposition. At this point the process parameters that 
are involved in the deposition process of each layer (power laser, beam size, processing speed, etc) were 
optimized and their influence over the metallurgical and mechanical properties of the component was analyzed.  
2) Develop a 3D dimensional control system able to automatically generate trajectories adapted to actual 
requirements of part to build up. A 3D vision system has been developed for the monitoring of the formed 
geometry during the process, which top up the system for the automatic generation of trajectories to ensure the 
geometry of the part. Emphasizes therefore, that the system will be able to detect and correct any deviations 
from the geometry of the part in each deposited layer, ensuring the final desired geometry, unlike the current 
systems, whose operation is based on assumed geometry of the clad (i.e. a priori known) and constant process 
throughout. 
 
Fig. 1. 3D representation of the piece to be made by additive manufacturing. 
2. Experimental procedure 
Experiments were performed using a high power diode laser (Laserline LDL160), with a 3.3 kW maximum 
power in continuous wave. The laser processing head was mounted on a 6 axes IRB6600 robot system (ABB). The 
substrate was place out of focus to use a 3 x 3 mm laser beam size. Metallic powder particles were placed in a 
powder feeder from Medicoat and delivered to the process zone through a coaxial nozzle COAX 8 (Fraunhofer 
IWS) attached to the laser head and blown on the substrate at the same laser beam incidence point.  
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Gas atomized AISI 4140 powder with particle size of 20–69 µm was used for the deposition process. Plates of 
sandblasted structural S355 JR, low alloyed steel with dimension of 50 mm×150 mm×10 mm were used as the 
substrate. The chemical compositions of AISI 4140 and S355JR steel are listed in Table 1. 
Table 1. Elemental composition of S355 JR structural steel and AISI 4140 powder (wt. %) 
Sample Fe Mn Cu Si Cr Mo C 
S355 JR Bal. 1,45 0,30 0,35   0,20 
AISI 4140 Bal. 0,82  0,35 1,03 0,20 0,23 
First tests of laser cladding were conducted on flat plates of S335 JR structural steel in order to optimize laser 
process parameters, taking into account both process parameters such as laser manufacturing strategies. For that 
reason, in a first step multiple straight clad beads of 15mm length were deposited side by side with 55% overlaps on 
the substrates and then in a second step a vertical structure consisting of 10 layers were built. Table2¡Error! No se 
ncuentra el origen de la referencia. lists the optimized process parameters and their values. Cross-sectional 
samples were cut from the deposited layers for metallography using an optical microscope (Olympus) and the 
samples were ground using SiC sandpapers up to 1200 mesh, polished with 1 µm and 0.3 µm alumina slurries, 
respectively, and finally etched in 1 vol.% Nital solution.  
Table 2. Laser Process Parameters 
Process Parameters Power (kW) Scanning Speed 
(mm/s) 
Powder feed 
(g/min) 
Protection gas 
(l/min) 
S355 JR Bal. 1,45 0,30 0,35 
AISI 4140 Bal. 0,82  0,35 
 
Mechanical behavior of the new surfaces was assessed in terms of microhardness, tensile strength tests and 
Impact Charpy Tests. Microhardness measurements were performed on the polished cross section of the samples 
using an Emcotest M1C 010 automatic digital microhardness tester, using a Vickers indenter under a test load of 50 
kg and 15 s dwell time. Tensile Strength test was carried out with a universal machine MTS 250 KN according to 
the UNE-EN ISO 6892-1:2010 standard. Prismatic specimens were mechanized from parts of dimensions 30 mm x 
110 mm x 10 mm, manufactured entirely with AISI 4140 powder material 
For Charpy impact testing a pendulum HOYTOM 300J was used, in which specimens were tested according to 
the standard UNE-EN ISO 148-1:2011, which became mechanized from pieces of size 12mm x 7mm x 8 mm, as 
shown in Figure 2 to required dimensions for Charpy impact tests. 
 a)      b) 
Fig. 2. Image of Charpy Impact test specimen: (a) prior to machining and (b) after machining. 
3. Results and Discussion 
3.1 Experimental Setup 
Figure 3 shows an optical microscopy image of cross-section of (a) a surface made up of 4 overlapping clad 
beads and (b) a vertical structure consisting of 5 layers, each consisting of 5 overlapping clad beads. It is observed 
that the layers obtained are structurally homogeneous, without the presence of pores or cracks. 
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a   b  
Fig. 3. Cross- section macrograph of: (a) one layer made up of 5 overlapping clad beads and (b) Vertical structure made up 6 layers pilled, 
obtained with AISI 4140 powder steel. 
Figure 4 shows the measurement procedure in order to observe the hardness variation from the coating to the 
substrate through the heat affected zone (HAZ). It shows that the harness values are higher, close to the surface. 
These values decrease due to the heat produced by the subsequent passes that gives rise to an effect of tempering. 
This fact is positive as it allows a gradual decrease in the values from the surface to the base material, without 
variations charged or points that can lead to concentrations of tensions. 
a     b    
Fig. 4. Cross- section macrograph (a) Cross-section micrograph. (b) Graphical representation of the hardness evolution from the surface to the 
base material. 
Results obtained in Tensile Strength and Charpy Impact Tests are listed in table 3 which also includes the 
minimum values required for the service life of the structural steel S355 JR. It is observed that in all cases the 
experimental values exceed the minimum requirements according to the EN 10025-2:2006 standard, so that the 
results from the microstructural and mechanical properties point of view are very positive. However, when it comes 
to building vertical structures a series of problems related to geometric irregularities due to the heat input were 
detected. 
Table 3. Comparison of the results obtained in the tests carried out with AISI 4140 powder material and the results required 
by UNE standard. 
Test 
 
Required 
values 
Obtained Values 
 Specimen 1 Specimen 2 Specimen 3 
Tensile Strength 
Tensile Strength, MPa 
Yield Stgrength, MPa 
Elongation (mm) 
470-630 
≥ 355 
≥ 22 
634 
566 
28 
561 
499 
28 
626 
579 
28 
Impact Charpy Absorbed Energy, J ≥ 27 75 72 736 
 
In this sense, two different vertical growth strategies to obtain higher dimensions surfaces were evaluated (see 
figure 5). In both cases the results at microstructural level are similar, however from the point of view of the 
geometry and appearance of the surface layers obtained, the strategy V2 shows better results. As shown in Figure 
5b¡Error! No se encuentra el origen de la referencia., in the case of the strategy V1, the bead clad geometry is not 
homogeneous, since it generates a build up at the beginning of the bead clad, which can reach to have differences in 
height up to 0.4 mm between the beginning and end of the clad bead. 
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Fig. 5. Manufacture scheme and geometry obtained with (a) V1 strategy and (b) V2 strategy 
3.2 Real Component 
From the optimum process parameters and manufacturing strategy mentioned above, the first tests to build a real 
part from the CAD file of the part were conducted. In view of the workpiece geometry to produce it was felt that the 
symmetry plane of the piece could be a good starting point for the generation of the piece, so the initial idea was to 
produce a half of the piece and then produce the other half. Figure 6b shows the robot trajectories created to build 
each part of the component. 
 
Fig. 6. (a) Manufacture strategy and (b) Trajectories generated. 
Once established trajectories the base plate must be placed on the working area of the robot. Process planning 
algorithm generates the robot trajectories to the manufacturing process as well as the Rapid code for the robot to run. 
But the algorithm itself just does not guarantee 100% the dimensional precision of the manufactured block. The 
volume division into discrete sections by the algorithm leads to two types of errors, one from the layers distribution 
and other from the paths position within layers. Since the distance between layers depends on the parameters of the 
process and these are given, it cannot be guaranteed that the height of the geometry is an exact multiple of this 
distance, which leads to the absence of material in the last layer. 
Similarly the division in beads of the sections of the volume that define each layer is not accurate, once more due 
to the separation of the beads comes given as a parameter of the process, and produces absence of material on the 
edges of the piece. As a result appears irregular profiles in the manufactured block. A solution for these problems is 
to generate the blocks with a tolerance equivalent to a high of bead, measured in the direction of superposition of 
layers, and the width of the same in the direction of overlap of the beads. Another solution is the correction of the 
trajectories generated manually or modifying the code. Once you have generated all the paths with the 
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considerations made, it is passed to the ABB robot Studio that allows you to detect possible problems.  Once this is 
done will step to the manufacture of the first versions of the parts. 
Previous to build the full part, the manufacturing of the two halves of piece was completed following the steps 
described above. The pieces were performed on a substrate of S235 steel, removed from the substrate, and 
confronted by the common plane to see to what extent both halves were matched (see Figure 7). 
 
 
Fig. 7.Manufacture of the two halves of the part, verification of the coincidence of size in the plane of symmetry. 
Finally, the full part was made directly from a half piece after removed from the substrate. However, the heat 
accumulation during the process (LDM) became a dimensional distorted part (shown in Figure 8). A 3D 
dimensional control system has been developed to overcome these limitations on current technology.  
 
Figure 8. Full part manufactured, distortion is observed due to thermal stress. 
3.3 3D Dimensional Control 
A 3D monitoring solution has been developed to provide geometrical information in robot coordinates. The 
system resolves on-line the point cloud of the scanned part with independence of the process speed and the robot 
path trajectory.   
The solution is based on the 3D triangulation principle, which uses a laser stripe and a camera to determine the 
3D points where the laser intersects the piece. The arrangement of laser and camera determines the resolution and 
accuracy of the system. This means, the system is able to be adapted for different part sizes with a simple setup 
readjustment. 
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Fig. 9. Setup adopted for 3D laser triangulation on the robotized laser cell. 
The 3D triangulation method uses point correspondences to map from 2D image points to 3D coordinates. First, 
the projected laser stripe is detected using a centre of gravity peak detector to determine the points of maximum 
light intensity in the image. Second, each laser peak detected is transformed to a 3D point in the camera coordinates. 
Third, the 3D points are translated from camera coordinates to the robot coordinates. Thus, since the camera is 
attached to the robot, the robot pose is used for reconstructing the 3D point cloud of the piece. 
Furthermore, a calibration procedure is required to perform the reconstruction of the 3D point cloud. The method 
uses an inexpensive planar checkerboard pattern in a similar approach as described in [5]. It uses the same set of 
images (shown in Figure 10) to perform both camera and laser calibration. In this way, the system is calibrated in 
the robot coordinates, ensuring a proper correspondence between camera and robot coordinates and avoiding 
complex and accurate mechanical couplers. 
 
 
Fig. 10. Automatic checkerboard detection in different robot positions for system calibration. 
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The calibration procedure consists in placing fixed the checkerboard and moving the robot at arbitrary 
orientations in front of the pattern. In each position, an image is acquired and its corresponding robot pose is 
recorded. For each image, the checkerboard pose is estimated and the laser intersection is determined. Thus, the 
estimated point cloud is used to find the best-fit laser plane. Different least-squares algorithms have been used to 
minimize errors in the calibration estimation problem.  
The system has been implemented using an IDS µEye industrial camera with a 1.3Mpx CMOS NIR sensor, a red 
laser stripe, and a chromatic filter to improve the laser stripe detection. The images from the camera are transferred 
using the GigE Vision interface and processed in an Intel i5 Dual Core PC working at 3GHz with 4GB of RAM. A 
full open-source solution based on Ubuntu 14.04 with ROS-Industrial [6] and OpenCV software [7] has been made. 
 
4. Conclusions 
In this work laser additive fabrication tests by AISI 4140 steel as powder were conducted. The process was 
analyzed from a mechanical and microstructural point of view prior to the manufacture of a real piece. It was 
observed that the heat provided by the laser beam causes distortions and deformations, so as to avoid these effects, it 
is essential to develop new 3D dimensional control systems. In this regard, a monitoring system dimensional capable 
of measuring robot coordinates, which will be the basis for the future development of new systems capable of 
adapting robot trajectories as the geometry required during the manufacturing process has been presented. This 
development will enable the direct manufacture of large parts through LMD. 
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